MicroRNAs (miRNAs) are a class of small, non-coding RNA molecules consisting of 19-22 nucleotides that are involved in a variety of biological processes, including development, differentiation, apoptosis and cell proliferation. In cancer research, a growing body of evidence has indicated that miRNAs are aberrantly expressed in many types of human cancers and can function either as tumor suppressors or oncogenes. Bioinformatic predictions suggest that miRNAs regulate more than 30% of protein-coding genes. Aberrant expression of miRNAs in cancer cells causes destruction of miRNA-regulated messenger RNA networks. Therefore, the identification of miRNA-regulated cancer pathways is important for understanding the molecular mechanisms of human cancer. Searching for the aberrant expression of miRNAs in cancer cells is the first step in the functional analysis of miRNAs in cancer cells. Genome-wide miRNA expression signatures can rapidly and precisely reveal aberrant expression of miRNA in cancers. The miRNA expression signatures of human cancers have revealed that miR-375 is significantly downregulated in cancer cells. Our recent data on maxillary sinus, hypopharyngeal and esophageal squamous cell carcinomas have suggested that miR-375 is frequently downregulated and functions as a tumor suppressor that targets several oncogenic genes in cancer cells. In this review, we focus on several types of human squamous cell carcinoma and describe the aberrant expression of miRNAs and the cancer pathways they regulate in these diseases.
INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC), the sixth most common malignancy worldwide, arises in the oral cavity, oropharynx, larynx and hypopharynx. 1 In spite of considerable advances in multimodal therapy, including surgery, radiotherapy and chemotherapy, the overall 5-year survival rate for patients with HNSCC is only 40-50%. 2 Furthermore, the survival rate has not markedly improved in recent decades because of locoregional recurrences, distant metastases and second primary tumors. 2 Esophageal cancer is similarly common, being the eighth most common cancer worldwide and ranks sixth among the leading causes of cancer mortality. 3 Esophageal cancer can be divided into two main forms with distinct pathological characteristics: squamous cell carcinoma and adenocarcinoma. Esophageal squamous cell carcinoma (ESCC) is the most common type in eastern Asia, including Japan. 4 Patients with early stage disease who undergo curative surgery have a 5-year overall survival rate of 30-35%. 5 Patients in the advanced stages seldom survive more than 5 years, despite aggressive chemotherapy or chemoradiotherapy. 5 To develop evidence-based novel therapies for HNSCC and ESCC, understanding at the molecular level is indispensable. However, most studies on human cancers have focused mainly on protein-coding genes, and our understanding of alterations in non-protein-coding sequences in cancer is largely unclear. In the post-genome sequencing era, it is crucial to find novel molecular mechanisms based on recent genome-wide studies, including non-coding RNA in human oncogenesis, including HNSCC and ESCC.
RNA can be divided into two categories: protein-coding RNA and non-coding RNA. 6 MicroRNAs (miRNAs) are a class of small, noncoding RNA molecules, consisting of 19-22 nucleotides, that are involved in a variety of biological processes, including development, differentiation, apoptosis and cell proliferation. 7 They regulate gene expression through translational repression and messenger RNA cleavage. 8 Bioinformatic predictions suggest that miRNAs regulate more than 30% of protein-coding genes. 7 So far, 1527 human miRNAs have been registered in miRBase release 18.0 (http:// microrna.sanger.ac.uk/).
In the cancer research field, a growing body of evidence suggests that miRNAs are aberrantly expressed in many types of human cancers, including HNSCC and ESCC, and that they have significant roles in initiation, development and metastasis of these cancers. 9,10 Some highly expressed miRNAs could function as oncogenes by repressing tumor suppressors, whereas low-level miRNAs could function as tumor suppressors by negatively regulating oncogenes. 10 Aberrant expression of miRNAs in human cancer cells causes destruction of miRNA-regulated messenger RNA networks. Therefore, identification of the miRNA-regulated pathways is important for the next generation of human cancer research.
Genome-wide miRNA expression signatures can rapidly and precisely reveal aberrant expression of miRNA in cancers. Thus, we have conducted miRNA expression signature analyses and searched for tumor-suppressive miRNAs in various types of cancers. 11-15 Our previous studies of HNSCC and ESCC signatures found that miR-375 was significantly reduced in cancer tissues 13,15 and functioned as a tumor suppressor. 16, 17 Other research groups also showed downregulation of miR-375 in HNSCC and ESCC and other types of human cancers. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In this review, we focus on HNSCC and ESCC and describe the aberrant expression of miRNAs in these cancers and the cancer pathways they may regulate in these diseases.
CLONING OF miR-375 AND ITS FUNCTION IN NORMAL CELLS
miR-375 was originally cloned and identified as an evolutionarily conserved pancreatic islet-specific miRNA. 32 Northern blot analysis showed that miR-375 was highly expressed in mouse pancreatic islet cells, and not found in other tissues, including the liver, lung, fat, intestine, brain, kidney, spleen, heart and testis. 32 In zebrafish embryo, miR-375 is expressed in pancreatic islet and pituitary gland. 33 So, the functions of miR-375 in normal cells have been investigated mainly in pancreatic islet cells. In murine pancreatic beta cells, overexpression of miR-375 suppressed glucose-induced insulin secretion and, conversely, that inhibition of endogenous miR-375 function enhanced insulin secretion. miR-375 negatively regulated glucosestimulated insulin secretion by directly regulating the expression of myotrophin, a gene involved in actin depolymerization and, potentially, vesicular fusion. 32 miR-375 also negatively regulates the expression of 3 0 -phosphoinositide-dependent protein kinase 1 (PDK1) in pancreatic beta cells and, subsequently, decreases insulin transcription. 34 miR-375 À/ À mice were found to develop hyperglycemia and hyperglucagonemia, with increased pancreatic alpha cells and decreased pancreatic beta cells. 35 These studies show that miR-375 has an important role in insulin secretion and glucose metabolism, and may thereby become a novel therapeutic target in diabetes. miR-375 is also reported to contribute to adipocyte differentiation. Overexpression of miR-375 enhanced 3T3-L1 adipocyte differentiation through modulation of the ERK-PPARg2-aP2 pathway. 36 Functional analysis of miR-375 in normal cells is important, and elucidation of the molecular networks regulated by miR-375 in several types of human cells is necessary.
ABERRANT EXPRESSION AND FUNCTIONAL SIGNIFICANCE OF miR-375 IN HNSCC AND ESCC
Screening for differentially expressed miRNAs in cancer cells is important as a first step in understanding the role of miRNAs in cancer. Genome-wide miRNA expression signatures can rapidly and precisely reveal aberrant expression of miRNA in cancer cells. As cases in point, several groups have conducted searches for miRNA expression signatures in HNSCC using PCR-based, microarray-based and sequencing-based methods. In this review, we have listed nine miRNA expression signatures in HNSCC and ESCC. 12,13,15, [18] [19] [20] [21] [22] [23] Differentially expressed miRNAs are summarized based on the nine signatures in Table 1 . Recently, we conducted miRNA expression signature analyses in hypopharyngeal-SCC, maxillary sinus SCC and ESCC using clinical specimens. 12,13,15 Our expression signatures revealed that miR-1, miR-30a-3p, miR-139-5p, miR-143, miR-204 and miR-375 were commonly downregulated in cancer tissues when compared with adjacent, non-cancerous tissues. These commonly downregulated miRNAs have been selected by other research groups, as well, suggesting that it is important to investigate their functional significance and to identify the molecular targets of these miRNAs to provide novel information on human SCC oncogenesis.
Among the miRNAs identified in our expression signature analysis, miR-375 was found to be the most commonly downregulated, being downregulated in all signatures in HNSCC and ESCC. In spite of the difference in methods of expression analysis, miR-375 was commonly downregulated in those signatures that suggests downregulation of miR-375 is important for SCC oncogenesis. Based on this conclusion, the functional significance of miR-375 in HNSCC was recently investigated by our group. The restoration of miR-375 caused significant inhibition of cell proliferation and induction of cell apoptosis in SAS and FaDu cell lines derived from HNSCC. 16 In maxillary sinus SCC, restoration of miR-375 also inhibited cell proliferation and invasion in IMC-3 cells. 17 Similarly, another group demonstrated that transfection of miR-375 into FaDu, UTSCC-8 and UTSCC-42a cell lines reduced proliferation and clonogenicity. 19 miRNAs are unique in their ability to regulate many proteincoding genes. Bioinformatic predictions suggest that miRNAs regulate more than 30% of protein-coding genes. 7 The elucidation of new molecular pathways regulated by tumor-suppressive miR-375 is Functional significance of miR-375 in human cancer T Kinoshita et al important for our understanding of human SCC oncogenesis. Based on this view, we also performed molecular target searches for miR-375 in cancer cells by using genome-wide gene expression analysis and luciferase reporter assays in miR-375 transfectants. Our data revealed that the metadherin (MTDH) and lactate dehydrogenase B were direct targets of miR-375 in HNSCC and maxillary sinus SCC. 16, 17 Silencing of the MTDH gene caused significant inhibition of cancer cell proliferation, suggesting MTDH functions as an oncogene in HNSCC. 16 Very interestingly, another group also reported that MTDH was regulated by miR-375 and that both miR-375 overexpression and MTDH knockdown in HNSCC cell lines resulted in significant decreases in tumor formation in SCID mice. 24 In ESCC, expression signatures revealed that miR-375 was significantly reduced in cancer cells. 12, 22, 23 The downregulation of miR-375 was caused by hypermethylation of the promoter region, and ectopic expression of miR-375 inhibited tumor cell growth and metastasis in vitro and in vivo by targeting insulin-like growth factor 1 receptor. 23 Another study also showed a tumor-suppressive function for miR-375 in esophageal cancer cell lines and identified PDK1 as a target of miR-375. 25 The prognosis of both HNSCC and ESCC patients at advanced stages is very poor, despite advances in medical treatments. For this reason, the search for new therapeutic targets is important. Tumorsuppressive miR-375-mediated pathways provide new potential therapeutic targets in HNSCC and ESCC.
Next, we describe the clinical applications of miR-375 in HNSCC and ESCC. Several groups have reported that reduced expression of miR-375 could be a biomarker for HNSCC. 18, 21, 37 The expression levels of miR-375 were found to be lower in oral SCC patient oral rinse and saliva compared with those in healthy controls. 21 The expression ratio miR-221:miR-375 could be useful for distinguishing HNSCC from normal epithelium. 18 Another report showed that low miR-375 expression levels significantly correlated with cancer survival and distant metastasis. 37 In ESCC, plasma concentrations of miR-375 were shown to be significantly lower in ESCC patients than in controls. 38 Furthermore, low expression levels of miR-375 were significantly correlated with advanced stage, distant metastasis, poor overall survival and disease-free survival in ESCC patients. 23 Recent topics of miRNA study are the existence of circulating miRNAs in the blood and body fluids of humans, especially cancer patients. Thus, a number of reports in the past several years have shown that circulating miRNAs in plasma or urine might be used as disease biomarkers and prognostic predictors. These studies will continue to provide evidence for which of the circulating miRNAs may be useful biomarkers in cancer.
ABERRANT EXPRESSION OF miR-375 AND ITS TARGET GENES IN OTHER TYPES OF HUMAN CANCERS
Aberrant expression of miR-375 and indications of its involvement in other types of cancer have also been reported (Table 2) . 16, 17, [23] [24] [25] [26] [27] [28] [29] [30] [31] [39] [40] [41] [42] Downregulation of miR-375 has been reported for gastric cancer, cervical cancer, pancreatic ductal adenocarcinoma and hepatocellular carcinoma. 26, 27, 29, 30, [43] [44] [45] In gastric cancer, ectopic expression of miR-375 in cancer cells reduced cell viability and induced apoptosis by targeting PDK1 and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein z (YWHAZ). 26 Overexpression of miR-375 suppressed gastric cancer cell proliferation in vitro and in vivo by targeting Janus kinase 2. 27 In hepatocellular carcinoma, it was reported that restoration of miR-375 in cancer cells decreased cell proliferation, clonogenicity, migration and invasion, and induced G1 arrest and apoptosis. 30 Interestingly, this report demonstrated that MTDH was directly regulated by miR-375, as it is in HNSCC. 16 Functional significance of miR-375 in human cancer T Kinoshita et al
Another report indicated that miR-375 inhibits proliferation and invasion of hepatocellular carcinoma cells by targeting yes-associated protein (YAP). 29 We have described miR-375 function as a tumor suppressor in human cancers. However, in some types of cancer, miR-375 functions as an oncogene. In a breast cancer study, miR-375 was upregulated in estrogen receptor alpha-positive cell lines, and miR-375 overexpression, as well as facilitating cell proliferation, induced estrogen receptor alpha upregulation through regulation of RASD1, a negative regulator of estrogen receptor alpha. 41 miRNA expression profiling in invasive lobular carcinoma of the breast showed that miR-375 was upregulated when compared with normal breast epithelium. 40 Ectopic expression of miR-375 in non-tumorigenic breast epithelial MCF-10 A cells induced loss of cellular organization and a hyperplastic phenotype. 40 In prostate cancer (PC), both deep sequencing and microarray analysis of miRNA expression revealed that miR-375 was significantly upregulated in tumor tissues. 46 Serum levels of miR-375 in PC patients are upregulated compared with those of healthy Functional significance of miR-375 in human cancer T Kinoshita et al controls. 47 In addition, miR-375 was significantly upregulated in serum exosome fractions of metastatic PC patients relative to those of patients with non-recurrent PC. 48 In lung cancer with neuroendocrine features, the transcription factor ASH1/ASCL1 is a key regulator in this disease. 39 This study demonstrated that miR-375 was induced by ASH1/ASCL1 in lung cancer cells. Furthermore, it was indicated that miR-375 directly regulated YAP1, which had growth inhibitory activities in neuroendocrine-lung cancer cells. 39 These findings indicate miR-375 can function as an oncogene in some types of cancer. Is the function of miR-375 an oncogene or a tumor suppressor? This phenomenon of seemingly opposing activities of miR-375 has been described in several articles, yet it is very difficult to explain this phenomenon at present. Individual miRNAs may have different roles and regulate different target genes in different types of cancer, so it is necessary to investigate the expression patterns of both miRNAs and messenger RNAs in specific cancers to understand how miRNAs regulate cancer networks in the future.
IN SILICO ANALYSIS OF miR-375-REGULATED PATHWAYS miRNAs are unique in their ability to regulate many protein-coding genes. One miRNA can have hundreds or even thousands of potential gene targets, and bioinformatic predictions suggest that miRNAs regulate more than 30% of protein-coding genes. 7 Our interest is in the elucidation of the miRNA-regulated molecular network in several types of cells.
In this review, we have applied in silico analysis to identify the biological processes or pathways potentially regulated by miR-375.
Using the TargetScan database, a total of 2267 putative gene targets of miR-375 were identified and are listed (Supplementary Table 1) . Among 2267 genes, we investigated differentially expressed genes that were regulated by miR-375 in HNSCC cells. miR-375-regulated genes were identified based on our expression signatures of miR-375 transfectants in HNSCC cancer cells (Supplementary Table 1 ). These data were registered on the GEO database (accession number: GSE26032). Next, these candidate target genes were assigned to pathways using GENECODIS software analysis, 49, 50 and statistically enriched pathways were identified. The GENECODIS software assigned a great many of the putative miR-375 targets to known pathways in KEGG (Kyoto Encyclopedia of Genes and Genomes), 51 and these data facilitate the understanding of miRNA-regulated molecular networks in human cells. According to the GENECODIS software analysis, several pathways were identified, such as 'pathways in cancer' , 'MAPK signaling pathway' , 'focal adhesion' and 'cytokinecytokine receptor interaction' (Figure 1) .
We focused on the 'pathways in cancer' , as it was identified as the most enriched pathway among the miR-375 target genes. Among 2267 genes (these genes have putative target site(s) for miR-375 in their 3 0 untranslated regions), 48 were assigned to this pathway (Table 3) and are highlighted in the KEGG MAP (Figure 2 ). When we analyzed the 'pathways in cancer' , several genes were found to have been implicated in HNSCC. For example, overexpression of epidermal growth factor receptor has been shown in HNSCC, 52, 53 and overexpression of epidermal growth factor receptor is a negative prognostic factor in HNSCC patients. 53, 54 The mammalian target of rapamycin (mTOR) pathway was shown to be overactivated in HNSCC by investigating Functional significance of miR-375 in human cancer T Kinoshita et al the phosphorylation status of the ribosomal protein S6, a well-known downstream target of mTOR. 55 These genes have been used to develop molecularly targeted therapeutic agents for human cancer, such as Gefinitib (Iressa, also known as ZD1839), Erlotinib (marketed as Tarceva) and Cetuximab (marketed as Erbitux), which target epidermal growth factor receptor 56 , and Everolimus (marketed as Afinitor) and Temsirolimus (marketed as Torisel), which target mTOR. 57 Cetuximab received Food and Drug Administration approval for treatment of locally advanced HNSCC in combination with radiotherapy. Overexpression of the genes targeted by these antagonists may result in the reduction of miR-375. In this way, the analysis of molecular pathways that started with identification of cancer-related miRNAs has provided new insights into human oncogenesis.
CONCLUSIONS
In this review, we have described aberrant expression of miR-375 in human cancers. In HNSCC and ESCC, miR-375 is frequently downregulated in cancer cells and functions as a tumor suppressor. Identification of molecular targets regulated by miRNAs is a big challenge for current cancer research. The oncogenic and/or tumorsuppressive miRNA-regulated novel cancer pathways could provide new information into the molecular mechanisms of human oncogenesis, and cancer progression and metastasis.
